DNA and RNA oligonucleotides having formacetal internucleoside linkages between uridine and adenosine nucleosides have been prepared and studied using UV thermal melting, osmotic stress, and X-ray crystallography. Formacetal modifications have remarkably different effects on double helical RNA and DNAsthe formacetal stabilizes the RNA helix by +0.7°C but destabilizes the DNA helix by -1.6°C per modification. The apparently hydrophobic formacetal has little effect on hydration of RNA but decreases the hydration of DNA, which suggests that at least part of the difference in thermal stability may be related to differences in hydration. A crystal structure of modified DNA shows that two isolated formacetal linkages fit almost perfectly in an A-type helix (decamer). Taken together, the data suggest that RNA may tolerate nonionic backbone modifications better than DNA. Overall, formacetal appears to be an excellent mimic of phosphate linkage in RNA and an interesting modification for potential applications in fundamental studies and RNA-based gene control strategies, such as RNA interference.
The potential of RNA interference (RNAi) to become a new therapeutic approach stimulates interest in chemical modifications to optimize the efficacy of RNA-based drugs. 1 Several modifications, developed earlier to improve the properties of antisense oligonucleotides, have also shown promising results in RNAi. 1, 2 We are interested in developing RNA analogues that have nonionic internucleoside linkages. 3, 4 Among such, we have found that replacement of selected phosphates with amide linkages (CH 2 -CO-NH-5′) does not change the overall conformation and thermal stability of RNA. 3 Recently, Iwase et al. 5 reported that introduction of two such amide linkages at the overhanging uridines of an siRNA did not significantly change the RNAi activity. The formacetal linkage 3′-O-CH 2 -O-5′ is another interesting modification that has served as a phosphate mimic in structural studies on a photolyase bound to a DNA lesion 6 and may have broader use in fundamental studies and practical applications involving modified RNA.
Previous studies suggested that formacetal modification might have different effect on DNA and RNA oligonucleotides. Van Boom and co-workers found that formacetal modifications strongly destabilized DNA duplexes by -1.4 to -2.4°C per modification. 7 Gao and co-workers reported similar findings (-3°C per modification); however, their preliminary NMR studies suggested that formacetal linkage caused little structural perturbation of the DNA helix. 8 Matteucci found that formacetals in the DNA strand only slightly decreased the stability of DNA-RNA heteroduplexes. 9 In contrast, our preliminary studies showed that formacetals were somewhat stabilizing in all RNA duplexes (+0.2 to +0.8°C per modification). 4 However, each of these studies used different model sequences, which makes it difficult to compare and rationalize the results. In all earlier studies formacetal linkages were inserted between uridine or thymidine nucleosides only, which reduced the synthetic effort but also limited the sequences that could be studied.
To rationalize the earlier results and to gain more insight in structural and thermodynamic properties of formacetal-modified † Northeastern University. ‡ RNA and DNA we prepared formacetal (f) linked dinucleotides r(UfA) and d(TfA). The self-complementary UA and TA motifs allowed us to prepare a series of RNA and DNA oligonucleotides for thermodynamic (UV melting and osmotic stress) as well as X-ray crystallographic studies. Herein, we show that the formacetal modification has a surprisingly different effect on double helical RNA compared to DNA. Although formacetal stabilizes RNA helix by +0.7°C per modification, it strongly destabilizes DNA helix (-1.6°C per modification). Interestingly, the apparently hydrophobic formacetal has little effect on hydration of RNA but decreases the hydration of DNA, as judged by osmotic stress experiments. X-ray crystal structure shows that two formacetal linkages do not distort the conformation of an A-type decamer. Our results suggest that the formacetal linkage fits remarkably well in a double helical RNA and may be an interesting modification to test in short interfering RNAs (siRNAs). Taken together with our earlier studies on amide 3 and formacetal 4 modified RNA, the current results also suggest that RNA may tolerate nonionic backbone modifications better than DNA.
Results
Synthesis of Formacetal-Modified Oligonucleotides. Synthesis of formacetal-modified RNA and DNA was done by adopting and modifying literature procedures by us 4 and van Boom and co-workers, 10 respectively. N-Iodosuccinimide and triflic acid (TfOH)-mediated coupling 11 of thioacetal 1 4 with adenosine acceptor 2 12 gave r(UfA) dimer 3 (Scheme 1). Deprotection of silyl groups, selective 5′-tritylation and one-pot 2′-benzoylation and 3′-phosporylation following our previously reported procedures 4 gave the phosphonate dimer 6. Analogous synthesis of d(TfA) was not successful, apparently because of low stability of deoxyadenosine 8 under the acidic (TfOH) coupling conditions. However, trimethylsilyl triflate mediated coupling of dibutyl phosphate 7 10 with deoxyadenosine acceptor 8 12 gave r(UfA) dimer 9 in acceptable yield (Scheme 1). Deprotection of silyl groups, selective 5′-tritylation and standard phosphoramidite synthesis gave dimer 12. Using the dimers 6 and 12 in standard H-phosphonate and phosphoramidite solid-phase synthesis protocols we initially prepared two self-complementary model sequences r(UfA) 6 OL2 and d(TfA) 6 OL4 ( Table 1 ). The choice of the sequences was based on our earlier UV thermal melting and osmotic stress study, 13 which had characterized the unmodified RNA (OL1) and DNA (OL3) controls.
UV Thermal Melting and Osmotic Stress. To gain insight into the effect of formacetal modification on thermal stability and hydration of DNA and RNA, we studied the model sequences OL2 and OL4 using the UV thermal melting and osmotic stress method as previously reported. 13,14 Substitution of 12 out of 22 phosphates with formacetals increased the thermal stability of the formacetal-modified RNA duplex OL2 (Table 1 , +0.7°C per modification). Most remarkably, the relatiVely hydrophobic formacetal linkages did not decrease the hydration of RNA, as judged by little change in ∆n W , the number of water molecules released upon melting. In fact, in acetamide, the formacetal duplex OL2 was more hydrated than the unmodified control OL1. In contrast, the DNA OL4 was strongly destabilized by the formacetal modification (at least -1°C per modification). Because OL4 was not suitable for osmotic stress due to the low thermal stability, we prepared OL6 with five formacetal linkages between the central T and A nucleosides and two terminal unmodified CG base pairs. Compared to the unmodified control OL5, replacement of 10 out of 26 phosphates with formacetals resulted in strong destabilization of DNA (Table 1 , -1.6°C per modification). Most remarkably, the glycerol and acetamide series showed substantial loss of hydration upon formacetal modification of DNA.
Crystal Structure of Formacetal-Modified DNA. To gain more insight into structural features of formacetal-modified oligonucleotides we synthesized and attempted crystallization of a series of self-complementary DNA sequences having the TfA dimer inserted at a central position. The DNA decamer with sequence GCGTATACGC does not form crystals suitable for high-resolution diffraction studies. Accordingly, our attempts to solve crystal structures of GCGTATACGC having a formacetal modification so far have not been successful. However, replacement of a single 2′-deoxynucleotide at various positions of GCGTATACGC with a ribonucleotide or a 2′-O-modified nucleotide analogue typically yields well diffracting crystals. 15 Following such a design, we succeeded in solving the structure of d(GCGTfAU Me ACGC) with a formacetal linkage between residues T4 and A5 and 2′-O-methyl-uridine (U Me ) at position 6 (OL7; residues in the strand are numbered 1-10). The crystals diffracted to 1.75 Å resolution and were of space group P4 1 2 1 2, (a ) b ) 33.20 Å; c ) 68.51 Å), with one strand per asymmetric unit. Selected crystal data and refinement parameters are summarized in Table 2 and an example of the quality of the final electron density is depicted in Figure 1 .
In the crystal, the duplex adopts an A-form conformation (Figure 2) , with the paired strands exhibiting an identical geometry due to the dyad symmetry.
In the formacetal moiety all torsion angles adopt a conformation that is consistent with a standard A-form backbone ( Figure  3 ; R sc-, ap, γ sc+, δ sc+, ap, sc-). The conformation of the sugars in T4, fA5 and U Me 6 is C3′-endo and their backbone torsion angles are -60°, 165°, 49°, 80°, -155°, -71°(T4), -77°, 174°, 65°, 76°, -153°, -72°(fA5) and -72°, 168°, 57°, 78°, -144°, -77°(U Me 6), respectively (R, , γ, δ, , ). Overall, the crystal structure demonstrates that formacetal fits almost perfectly within the A-type duplex. This is consistent with earlier studies by us 4 and others. 8 The backbone around formacetal linkages is relatively dry. Several water molecules are located in the vicinity of the formacetal moiety but the distances from individual atoms exceed 3.5 Å ( Figure 4A ). Hydrogen bonds between water molecules and residues T4 and T5 are only established to base atoms (not shown). The phosphate groups of flanking residues are well hydrated ( Figure 4B ). However, at the current resolution of the crystal structure, hydration patterns around the duplex can only be visualized to a limited extent. A more complete account of the effects of the formacetal moiety on the local water structure will have to await the determination of crystal structures at higher resolution.
Circular Dichroism of Formacetal-Modified Oligo-nucle-

otides.
To gain insight into overall helix conformation of formacetal-modified oligonucleotides in solution we studied the circular dichroism (CD) spectra of RNA OL1 and OL2 and DNA OL5, OL6, and OL7. All DNA oligonucleotides gave CD spectra ( Figure 5A with weaker bands around 210 nm (negative). 16 Consistent with our previous findings in the RNA series, 4 the CD spectra of formacetal-modified DNA OL6 were similar to the unmodified control OL5.
The unmodified RNA OL1 showed CD spectrum typical for an A-form helical conformation with a strong positive band at 250-260 nm ( Figure 5B ). 16 However, the CD spectrum of the formacetal-modified RNA OL2 was different from the spectra of either typical A or B helices and displayed a set of unique bands -negative around 285 and 260 nm and positive around 215 nm. This result was surprising because our previous studies had shown that the CD spectra of formacetal-modified RNA were virtually identical to CD spectra of unmodified RNA. 4 However, the RNAs in our earlier studies contained less formacetal modifications (up to six formacetals out of 24 linkages) compared to OL2 (12 formacetals out of 22 linkages).
Discussion
The present UV thermal melting study confirms the earlier literature data that formacetal modification has different effect on double helical DNA and RNA (Table 1 ). In the present study, formacetal modification strongly destabilizes double helical DNA by -1.6°C per modification, which is consistent with the results of van Boom and co-workers 7 (-1.4 to -2.4°C per modification) and Gao et al. 8 (-3°C per modification). In contrast, formacetal modification stabilizes double helical RNA by +0.7°C per modification, which is consistent with our earlier studies 4 (+0.2 to +0.8°C per modification).
Taken together with our earlier results on amide modified RNA, 3 the present data suggest that RNA may tolerate nonionic backbone modifications better than DNA. If this phenomenon holds true for other modifications, there are two implications important for design of RNA analogues, for example such as, modified siRNAs. First, it is conceivable that the phosphate backbone may be in general an excellent site to introduce nonionic modifications in RNA. Second, many nonionic backbone modifications have been introduced in DNA and found to destabilize DNA-RNA heteroduplexes. 17 One may conclude that such modifications are not useful for applications involving RNA as well. However, our formacetal data suggest that modifications that are even strongly destabilizing in DNA may actually be stabilizing in RNA. Therefore, the data obtained on modified DNA 17 should not be used to predict the biophysical properties of the same modification in RNA without additional experimental support. It is possible that other nonionic backbone modifications that may not look promising in DNA, may in fact be well tolerated in RNA.
Osmotic stress results show that formacetal modification causes little change in RNA's hydration. This result is somewhat unexpected because more than half (12 out of 22) of the polar phosphates are replaced by the relatively hydrophobic formacetals in OL2. As could have been expected, formacetal modification causes significant loss of hydration in DNA OL6. These results suggest an intriguing possibility that at least part of the observed differences in thermal stability of formacetalmodified OL2 and OL6 may be caused by favorable hydration of formacetal-modified RNA and unfavorable hydration of formacetal-modified DNA. However, direct comparison is complicated by the fact that the CD spectra suggest that formacetal-modified RNA OL2 may not be in the expected A-form helix. This result is unexpected because in earlier studies formacetal modifications caused virtually no change in CD spectra of RNA. Unfortunately, all attempts to crystallize OL2 were not successful. Work on structural aspects of formacetal linkages in RNA by crystallography and solution phase NMR is currently in progress in our laboratories and should clarify the unexpected CD result.
The crystal structure (Figures 2 and 3) demonstrates that formacetal (two substitutions per decamer OL7) fits almost Formacetal-Modified Oligonucleotides perfectly within an A-form helix, the conformation adopted by double-stranded RNA. This is consistent with earlier studies by us 4 and others 8 and is further confirmed by the modeled structure of a DNA duplex with several formacetal linkages per strand that exhibits an overall A-form (see Figure S2 in Supporting Information). Although OL7 exists as a B-form helix in solution ( Figure 5A ), it crystallizes in the A-form ( Figure  2 ). This is likely due to an intrinsic tendency of this decamer to relatively easily flip into the A-form as well as to dehydration and packing interactions in the crystal. Moreover, the decamer sequence here features a 2′-O-methyl-uridine residue and incorporation of a single ribonucleotide into a DNA oligonucleotide was previously demonstrated to convert the B-to the A-form in the solid state. 15a,18 The crystal structure of OL7 confirms our current and previous 4 thermal melting results that the formacetal linkages are well tolerated in A-form helix. Thus, the overall conformation of the decamer duplex is little perturbed by substitution of two phosphate linkages with formacetals. The bridging C-O bonds in formacetal are somewhat shorter (∼1.4 Å) than the P-O bonds in phosphate (∼1.6 Å). However, the O-C-O angle (∼110°) is wider than the analogous O-P-O angle (102-104°). The wider angle compensates for the shorter bonds in formacetal and, thus, the distance between the 3′-O and the 5′-O of the next nucleoside changes only from ∼2.5 Å in phosphate to ∼2.3 Å in formacetal. The backbone of nucleic acid is flexible enough to accommodate such a relatively small change. Taken together, our data suggest that isolated formacetal linkages are remarkably good mimics of the internucleoside phosphate linkages in RNA, but not necessarily in DNA.
Conclusions
The present study is to our knowledge the first attempt at direct comparison of nonionic backbone modification in RNA and DNA. Our results suggest that RNA may tolerate nonionic backbone modifications better than DNA. Therefore, conclusions based on thermal stability of modified DNA 17 should be used with caution when designing chemically modified RNA analogues. Taken together the excellent thermal stability and the fact that two formacetal linkages do not disturb the A-form decamer duplex suggest that formacetals may be excellent mimics of phosphate for certain biochemical studies of RNA. 
